The properties of millimeter-wave spectrometers as highly specific and sensitive experimental research tools for monitoring gaseous pollutants of interest in pollution research are presented. A spectrometer system operating at frequencies in the vicinity of 70 GlIz and employing a semi-confocal Fabry-Perot resonator as the sample cell is described. The resonator is voltage tuned by means of a piezoelectric transducer which enables it to track the microwave source frequency. The operation and performance of the spectrometer are discussed and illustrated by measurements of diluted samples of sulfur dioxide. The noise from the microwave source, the absorption cell and the receiver, which ultimately limits the achievable sensitivity are discussed along with considerations for future sensitivity improvements.
Introduction
Microwave rotational spectroscopy is a highly specific and sensitive experimental research method for investigating chemical kinetics and also for monitoring gaseous pollutants and other atmospheric constituents in the environment. The technique measures the absorption in the microwave region of the electromagnetic spectrum caused primarly by transitions between pure rotational states of gaseous molecules possessing permanent dipole moments. The physical process leading to absorption is the coupling of the electrical vector of the incident microwave radiation with the permanent dipole moment of the rotating molecule. As a technique for pollution detection microwave rotational spectroscopy offers a number of advantages. At the low pressures normally employed to observe rotational spectra, transition frequencies can usually be measured to a precision of 0. Because of sensitivity limitations, it is important to select transitions for a given molecule which are as intense as possible. The intensity of an absorption line is determined primarily by the magnitude of the molecular dipole moment and the number of molecules in the lower energy state of the transition. The absorption intensity is considerably stronger at millimeter wave frequencies than at lower frequencies. This is due to the (frequency)2 increase of the absorption coefficient with increasing frequency, and also partly due to the fact that the higher frequency transitions usually involve states of higher rotational quantum number having larger population differences at ordinary temperatures.
Previous investigations of this technique for pollutant monitoring have been restricted to the frequency region below 35 GHz.1 3 Our calculations based on the modified Van Vleck-lVeisskopf equation4 (Appendix) and measurements have shown that larger absorption coefficients and hence greater sensitivity can be obtained in the millimeter wave region above 35 GHz,5-6 with an optimized spectrometer using state-of-the-art components.7 As is shown in Figs. 1 
Description of the Spectrometer System
A block diagram of the spectrometer system is shown in Fig. 7 . The system consists of the following major components: a signal oscillator, a local oscillator, a sample absorption cell, and a low-noise superheterodyne receiver.
The signal oscillator consists of a Hughes Model 4162H Gunn diode oscillator followed by a microwave isolator and a Spacekom Model DV-1 frequency doubler. The Q of such a cavity is determined by reflection and diffraction losses as well as perturbations of the field structure by the coupling of energy into and out of the resonator. The primary design criterion is to generally minimize all losses. This policy was applied to the design described below, within the limits imposed by other system constraints.
The cavity desired was expected to be part of a working prototype high sensitivity spectrometer which eventually would be packaged as a portable air pollution detector. Therefore, the physical size of the entire spectrometer as well as the cavity size was limited. Mirrors were chosen primarily on the basis of compactness,having 5.08 cm diameters and a spacing of 7.43 cm. The spacing was such that diffraction losses could be assumed negligible compared to reflection losses.
To maximize the stability of the mirror surfaces, type 316 stainless steel 1.25 cm thick was used for the blanks. Optical quality grinding techniques produced surfaces true to a few wave lengths of sodium light on both mirrors. In order to provide high surface conductivity at microwave frequencies, 75j of silver was plated onto each mirror, followed by 1.5p of gold as a corrosion inhibitor. It was expected that the gold would be essentially transparent to 70 GHz microwave radiation, with the mirror surface exhibiting a conductivity characteristic of pure silver.
In order to couple energy in and out of the cavity, two small holes were drilled in the surface of the plane mirror, and larger holes were bored from the rear to allow V-band wave guides to be positioned behind the small coupling holes as shown in Fig. 8 Fig. 9 as a function of the distance (d2 in Fig. 8 detectors. The 30 MHz reference frequency from the synthesizer is passed through a variable phase shifter, split into two components 900 apart in phase, and used to drive the two phase detectors. After an appropriate adjustment of the phase shifter, the two detected signals represent the in-phase and quadrature components of the cavity response function. At resonance the quadrature component is zero and, as described above, is used to control the cavity frequency. The in-phase component of the receiver signal is used to detect the changes in transmitted power thru the cavity resulting from the sample gas absorption.
Signal Detection
At high concentrations of the sample gas, the detected signal change is large enough to be observed directly as described in the next section. At low concentrations, however, it is advantageous to use some form of signal modulation and to employ a phasesensitive, lock-in amplifier to extract the desired signal from the noise background.12 As shown in the block diagram, Fig. 7 , two different modulation schemes were implemented.
In the source modulation (FM) scheme, the signal oscillator frequency is varied by applying a modulating voltage at 33 Hz to the frequency synthesizer. The modulation rate must be low enough to permit the cavity tracking system to follow it. If the modulation depth is small compared to the absorption linewidth, the resulting signal, after amplification and phase detection, is approximately proportional to the derivative of the gas absorption line shape. The signal-to-noise ratio of the detected absorption can then be improved as desired by introducing a filter of sufficiently long time constant in the phase detector output.
In the second scheme a high voltage square wave at 19 KHz is used to Stark modulate the molecular transition frequency. In order to achieve the large electric field needed for this purpose, the spherical mirror is insulated and moved from the position shown in Fig. 8 (2) where w is the microwave frequency, then at the output of the cavity we can write e0(t) = Ei [Tr(6) 
As described previously, stabilization and tracking of the microwave frequency by the cavity is accomplished by amplifying Vd, and feeding it back to the piezoelectric transducer. Because of the electromechanical components (specifically the mass of the mirror and transducer) in the feedback loop it was necessary to roll off its frequency response with appropriate filters at frequencies above 30 Hz. The accuracy of measurements of this kind is dependant upon the linearity of the receiver syste and the assumption that there is no saturation of rotational transition by the measuring field. In measurement illustrated above, the microwave power reduced 3dB below the smallest value for which any The detected signal is shown in Fig. 13 . By turnrtional ing off the modulation voltage and increasing the lockin gain until the noise level was equal to the signal of Fig. 13 , the signal-to-noise ratio (SNR) was determined to be equal to 20 for the time constant T 20 ms. (10) Since the noise voltage is proportional to 7lj77), the equivalent SNR for a 1 second time constant and a concentration of 970 ppm is 140. From Eq. 11 the detected signal AVd is proportional to ymax which in turn is proportional to the concentration of SO2.
In order to relate the experimental data such as that shown in Fig. 13 to the actual gas absorption parameters ymax and the linewidth (Av)1, it is necessary to compute the effect of the modulation process on the gas absorption signal. The calculation has been per- The validity of eqns. 12 and 13 in interpreting the measured data of Fig. 13 The above calculation shows that it is possible to make absolute measurements of the gas absorption parameters, ymax and Av using the technique of source modulation to'enhance the signal-to-noise ratio. For routine measurements, an automated spectrometer programmed to fit the observed'spectrum to the-theoretical model would be highly desireable. In all measurements it. is important to avoid saturation of the microwave signal or, if present, to account for it.
-Signal Detection using Stark Modulation Stark modulation, in which the molecular rotational transitions are repetitively shifted from their zero field positions by a zero-based square wave electric field, has the advantage over the source modulation method that only the molecular transitions are affected by the modulating field. Thus the baseline, in the absence of the absorbing gas, should be a straight line. This contrasts with the case of source modulation, where any variation with frequency of the power transmitted through the cavity will be detected as a spurious baseline signal and must be accounted for.
As described above, in order to obtain the large electric field needed, the flat mirror was insulated and moved to a position apprpximately 1 cm frocm the spherical mirror. The cavity was then filled with the 970 ppm SO 'mixture described above. A Stark modulation anplitude gf 1000V at a frequency of 19 kHz was used together with a lock-in amplifier time constant of 1.0 sec. The signal-to-noise ratio was found to be about 40 with the 1.0 sec time constant. This about two-to-three times worse than that observed with source modulation.
The principal reason that the sensitivity of the 784 Stark modulation scheme is less than that obtained with source modulation is that the loaded Q of the cavity is reduced significantly when the two mirrors are placed in close proximity.
The Q factor of the Stark modulation cavity was found to be only about 11,000. Since the absorption,signal is proportional to Q, the reduction in signal amplitude is a factor of 4; This is partially offset by the somewhat decreased noise present at the higher modulation frequency used, and by the fact that the square wave modulation permits a larger percentage of the signal to be recovered after phase detection.
System Noise Characterization
The sensitivity of the spectrometer system is deter-7 mined7 by the noise contributions of the signal source, the microwave cavity, and the receiver. In a modulated system, the noise frequencies of interest lie in a narrow band centered at the frequency of modulation. In order to characterize the performance of the spectrometer in greater detail, measurements of the total system noise were made using a narrow band wave analyzer tuned to various offset frequencies corresponding to possible choices of modulation. The measurements were repeated at different power levels to establish the dependence of the noise on the microwave power.
The power at the input coupling port of the cavity was determined using a square law diode detector calibrated with a TRG V980 calorimeter power meter.
Three different power levels were established for the noise measurements, -35 dBm (0.31 vW), -25 dBm (3.1 pW) and -15 dBm (31 pW),. The lowest power (-35 dBm) corresponds to that used in the measurements reported in the previous section.
An HP 302A wave analyzer was used to measure the noise output of the spectrometer system, A low noise amplifier connected between the spectrometer phase detector and the analyzer served to boost the output voltage Vd to a selected appropriate level. In all measurements, the receiver IF gain was adjusted to maintain the output voltage at the selected level. The wave analyzer output was calibrated by phase locking the local o,scillator to an offset frequency differing from 30 MHz by about 20 Hz. The "carrier" power level recorded at this frequency was then used to normalize all successive measurements.
With the local oscillator restored to its offset of exactly 30 MHz and the cavity locked to the signal oscillator frequency, the noise-to-carrier ratio was measured for modulation frequencies from 33 in N2 using source modulation and a tine constant of 20 ms. The calibration signal of 500 iV is referenced to the input of the lock-in amplifier. 
